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Abstract: A life-cycle analysis (LCA) of greenhouse gas (GHG) emissions and energy use 
was performed to study bio-jet fuel (BJF) production from micro-algae grown in open 
ponds under Chinese conditions using the Tsinghua University LCA Model (TLCAM). 
Attention was paid to energy recovery through biogas production and cogeneration of heat 
and power (CHP) from the residual biomass after oil extraction, including fugitive methane 
(CH4) emissions during the production of biogas and nitrous oxide (N2O) emissions during 
the use of digestate (solid residue from anaerobic digestion) as agricultural fertilizer. 
Analyses were performed based on examination of process parameters, mass balance 
conditions, material requirement, energy consumptions and the realities of energy supply 
and transport in China (i.e., electricity generation and heat supply primarily based on coal, 
multiple transport modes). Our LCA result of the BJF pathway showed that, compared 
with the traditional petrochemical pathway, this new pathway will increase the overall 
fossil energy use and carbon emission by 39% and 70%, respectively, while decrease 
petroleum consumption by about 84%, based on the same units of energy service. 
Moreover, the energy conservation and emission reduction benefit of this new pathway 
may be accomplished by two sets of approaches: wider adoption of low-carbon process 
fuels and optimization of algae cultivation and harvest, and oil extraction processes. 
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1. Introduction 
1.1. China is Facing Rapidly Increasing Energy Demand and Oil Imports 
With global primary energy demand expected to grow at a compound annual growth rate of  
1.6% from 2009 to 2035 driven by future global population and economic growth [1], mitigation of 
greenhouse gas (GHG) emissions is imperative. China’s energy consumption has expanded quickly by 
5.82% annually, underpinning the 10% average annual growth of the national economy during the 
1981–2011 period [2]. Currently, China is the largest energy producer and consumer in the World [2].  
In 2011, China consumed 1839 million tons of oil equivalents (Mtoe) of coal, 461.8 Mtoe of oil and  
117.6 Mtoe of natural gas (NG), representing 49.4%, 11.4% and 4.0% of the World total, respectively [3]. 
China is also facing energy supply problems due to limited fossil energy resources. Its per capita 
reserves of coal, petroleum and NG are 67.0%, 5.4%, and 7.5% of World averages, respectively [4]. 
China’s dependence on foreign energy sources has been increasing in recent years. In particular, the 
share of imported petroleum in the total petroleum consumption has risen from 32% at the beginning 
of the 21st century to 58% currently [5]. 
1.2. Liquid Fuel Shortage in China Due to Transportation Increasing 
According to Wang [4], energy demand in China’s transport sector increased from 25 Mtoe in 1980 
to 206 Mtoe in 2009 with an average annual growth rate of 7%, making the transport sector the fastest 
growing energy-consuming sector in China. Transport is also the fastest growing contributor to 
China’s GHG emissions. Petroleum consumption in China transport sector was 223.2 Mtoe in 2010, 
with gasoline consumption at 67.6 Mtoe. The transport sector accounted for 35%–40% and 48% of 
petroleum consumption in China in 2000 and 2009, respectively, and is expected to rise to more than 
50% in 2030, in line with global patterns [6]. Jet fuel demand increased to 19.44 million tons in China 
in 2012 with significant growth in air transport infrastructure accompanied by dramatic growth in 
aircraft usage [7].  
1.3. China is Developing Alternative Fuels on a Large Scale 
To curb oil demand, the Chinese government is making great efforts by regulating vehicle fuel 
economy and introducing alternative fuels, including coal- and NG-based fuels. For example, China 
has been promoting vehicles that operate on gaseous fuels, mainly compressed natural gas and 
liquefied petroleum gas, since 1999 [8,9]. China is also urgently developing and utilizing biofuels.  
As stated in its Energy Policy White Paper 2012, China will encourage the use of bio-diesel, ethanol 
and bio-jet fuel (BJF) [10]. 
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1.4. Life-Cycle Analysis is a Useful Tool for Policy Decision Making 
Life cycle GHG emissions have become critical and necessary information influencing the 
implementation of appropriate energy policies in an increasingly GHG-constrained world. Since the 
1990s, researchers and institutions have begun to build life-cycle analysis (LCA) models to analyze 
energy consumption and GHG emissions. This has resulted in models such as The Greenhouse Gases, 
Regulated Emissions and Energy Use in Transportation Model (GREET) and Lifecycle Emissions 
Model (LEM) [11–15]. These models are able to evaluate alternative liquid fuels. A number of studies 
have been published for North America, Europe and other regions with localized conclusions, based 
these or similar models [16–21]. The conclusions are, however, very geographically dependent and 
therefore will not necessarily be applicable to other places.  
Several LCAs have been performed for algae-based biofuel and biogas pathways, mostly in the 
United States and European context. Allen et al. [20] formulated the guidelines for LCA of aviation 
fuel in USA. Lardon et al. [21] analyzed life-cycle GHG emissions of algae-based bio-diesel in the 
European context and Clarens et al. [22] did a similar analysis for the USA. Campbell et al. [23] 
studied bio-diesel production from algae under Australian conditions. Collet et al. [24] examined the 
production of biogas from algae in France. The USA has been a global pioneer in algae biofuel 
research and engineering applications. With support from the US Department of Energy, the Argonne 
National Laboratory (ANL) performed LCA for hypothetical commercial projects [25]. The report of 
National Research Council of USA (NRC) [26] presented an extremely thorough review of the 
literature and findings up to the year 2012. 
China’s biofuel LCA studies [27] are mainly on non-algae based bio-ethanol and bio-diesel 
pathways except for the one by Hou et al. [28], which covered an algae-oil pathway. However, the data 
for micro-algae cultivation process in this paper are totally cited from studies for other country rather 
than China.  
1.5. Algae-Based Biofuel: Energy Positive or Not? 
In terms of life-cycle energy performance, algal fuels can be better than fossil fuels. However, there 
are no firm conclusions yet for this emerging technology. The NRC report [26] found that the energy 
return on investment (EROI) of pond-based algae can range from 0.13 to 7.0, based on a literature 
review. An EROI figure less than 1 means the energy needed to make a fuel is greater than the energy 
contained in the fuel and co-products. The ANL analysis [25] suggested that compared with 
conventional diesel, the use of algal bio-diesel may reduce life-cycle energy consumption by 55% and 
carbon emission by 45%. 
There are few LCA studies on algal BJF, except the PARTNER report [29] which covers life cycle 
GHG emissions from alternative BJF, including a simulated open-pond algae pathway. Its results show 
that the life cycle GHG emissions for algal BJF range from 16% to 220% of those from conventional 
jet fuel (CJF). The main source of variability in these results is due to the emerging nature of the algal 
fuel technology and many processes in the production systems are still in the laboratory or pilot phase. 
There is much uncertainty in how these technologies will evolve and scale up in the future. Therefore, 
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actual life-cycle energy use and GHG emissions could be different from those suggested by existing 
LCA studies. 
1.6. About This Study 
As mentioned earlier, to the best knowledge of the authors there is no relatively in-depth LCA on 
algal BJF pathway under Chinese conditions. Therefore, the main objective of this paper is to assess 
life-cycle energy use and GHG emissions for algal BJF pathway specific to China in comparison with 
CJF, the reference pathway. Meta-analysis in the NRC report [26] suggest the CO2 source and  
co-products are critical factors in the GHG balance. We develop our own process models to analyze 
the details under Chinese condition for key assumptions on water loss, CO2 source, co-product method 
and process fuel type, etc.  
2. Method and Data 
2.1. Model Description 
In this study we used the Well-to-Wake (WTW) analysis module of the Tsinghua China LCA 
Model (TLCAM), which has been described in details elsewhere [29–32]. With the help of the  
iterative and source-tracing function of this model, all fuels and energy used in all sub-stages can be 
traced back to the use of three types of primary fossil energy (coal, natural gas and petroleum).  
Upstream emissions can be found in Li et al. [32]. Three key types of GHG—CO2, CH4 and N2O—are 
taken into consideration and the 100-year global warming potential in CO2 equivalent (CO2,e) was  
calculated according to IPCC guidelines. In this study, a new module was developed to assess the  
life-cycle energy and GHG emissions for the algal BJF pathway. In this automated module, when key 
assumptions are changed, the final results with the initial changes are tracked and a visual output in the 
form of charts and graphs is generated. 
2.2. Life-Cycle Stages Covered and System Boundary 
As Figure 1 shows, five stages were included in this WTW energy consumption and GHG analysis. 
The first four stages are focused on the fuel production process, including the exploitation of raw 
resources, feedstock cultivation and transportation, fuel production and transportation, storage and 
distribution (TSD). The final stage is fuel combustion.  
Some secondary-level energy use and GHG emissions for infrastructure building, labor input, 
vehicle and machinery manufacture are not considered as their contribution to the whole life-cycle 
results is expected to be small and can be omitted according to international LCA guideline. Both the 
transportation of water to the site and water movement onsite is included. CO2 transport to site and 
transfer to pond are also included.  
The embodied energy of the materials used to construct the containment system in an algae pond is 
substantial. This is because the ratio of surface area to volume must be high in order to maximize light 
exposure and because the system must be completely isolated from surrounding ecosystems in order to 
protect the algae culture from predators as well as to prevent invasion of surrounding areas with  
non-native, perhaps genetically modified algae species [33]. In our base case, embodied energy of the 
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pond construction materials are not considered, but an alternative scenario will be added in the 
sensitivity analysis.  
Figure 1. Stages covered and system boundary in this study. 
 
The function unit can be one MJ of algae oil produced and one MJ of jet fuel used, for energy 
functional and service functional units, respectively. In this study, there is not obvious difference of 
result comparison between energy functional and service functional unit based, due to that the energy 
performances of the two pathways (BJF and CJF) can be regarded as identical. 
It is indicated that adding Bio-Synthetic Paraffinic Kerosene (Bio-SPK) has a minimal effect on the 
fuel consumption of airplanes. Therefore, in the fuel combustion stage, the energy performance for the 
two pathways can be regarded as identical. Clearly, comparative analyses of these pathways avoided 
the difficulties associated with specific airplane models [29,34].  
2.3. Reference Pathway 
The energy efficiency of petrochemical jet fuel refining was determined through literature  
surveys [29,35] in the China Automotive Energy Research Center (CAERC) report [36], which used 
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top-down approach and assumed that the jet fuel-specific refining efficiency can be calculated from 
overall refinery efficiency using the equation developed by Wang et al. [37]. The life-cycle results of 
this pathway from [36] are summarized in Table 1.  
Table 1. Life-cycle energy consumption and GHG emissions of the petrochemical jet fuel 
pathway in China [36]. 
Item Number Unit 
Life-cycle fossil energy consumption 1.26 MJ/MJ 
Including: Coal 0.07 MJ/MJ 
Natural gas 0.06 MJ/MJ 
Petroleum 1.13 MJ/MJ 
Life-cycle GHG emissions 93.5 g CO2, e/MJ 
2.4. Baseline Algal BJF Pathway 
Currently, algal biofuel technologies are under development or in partial technical demonstration. 
Existing projects are relatively small and the available data are not sufficiently representative. 
Consequently, LCA of this pathway is difficult.  
In our study, a hypothetical commercial project is evaluated with some parameters specific to  
China (Table 2). The paddle wheel mixed open raceway ponds to cultivate planktonic algae are 
assumed to have a size of 100 ha, with flue gas (20% CO2) supplied by nearby power plant under 
Chinese conditions [36]. The operation period is set to be 300 days annually. 
Innovations that result in reduced resource use along the entire supply chain will remove some of the 
existing barriers to the development of large-scale, sustainable, and economically viable algal biofuels.  
Algae productivity and lipid content are two key parameters and they are set as 25 g/m2/day and 
25% in the baseline case, following Davis et al. [38]. Sensitivity analysis will explore the effects of a 
50% reduction and a 100% increase in these values, considering that improvements in algae 
productivity and biofuel yield will help reduce resource requirements per unit algal biofuel produced.  
Table 2. Key assumptions for algae cultivation system in China. 
Item Properties Note 
Type of algae  
cultivation system 
Open raceway ponds 
Selected because of its lower cost and energy  
consumption than the bioreactor system [26] 
Scale of algae farm  
and CO2 source 
A nearby power plant 
Based on primary bench-scale data and process modeling 
in Kadam (2002) [39] which considered a coal power plant 
with algae biomass using flue gas from the power plants.  
CO2 content of flue gas 20 vol % CAERC report [36] 
Algae productivity 25 g/m2/day Davis et al. (2011) [38] 
Lipid content 25% Davis et al. (2011) [38] 
Type of algae  
oil extraction system 
Wet extraction 
Extraction must be done onsite proximal  
to the algae growth pond [40] 
The core process model is elaborated in Figure 2. Following the cultivation stage, algae harvesting 
and oil extraction are done at the farm. The pathway dewaters the culture in several progressive steps 
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including bio-flocculation, dissolved air flotation (DAF) and centrifugation, to manage energy 
consumption. Recent work of Vasudevan et al. [40] compared the energy input and GHG emissions of 
three kinds of algae lipid extraction technology: dry and wet extraction, and secretion. Wet hexane 
extraction is selected in this study because this process can be done onsite proximal to the pond and the 
thermal demand during this stage can be met with the CHP heat recovery as discussed later. Dry 
extraction is not selected due to the fact that the process of drying the wet biomass to about 10% 
moisture required more energy than was available in the harvest algae biomass as stated in [21], 
without considering the solar drying methods due to the disadvantages of large land footprint demand 
and possible climate constraints. After lipid fractionation process, the algae oil is then sent to a refinery 
for Bio-SPK production with jet fuel as the main product. 
Figure 2. Baseline algae oil production process. 
 
It is assumed that resources (algae, water, CO2, N, and P) are recycled whenever possible through 
the processes at the farm. Inefficiencies in the homogenizer and in recovery during dewatering lead to 
flows of biomass, along with the lipid-extracted algae (LEA) after hexane extraction, to the anaerobic 
digester. Energy in these residues is partially recovered as biogas through anaerobic digestion (AD) 
and converted to electricity and steam by a combined heat and power (CHP) system on site. We 
assume certain amount of biogas leakage unavoidable. 
In the model, heat and power from the CHP is available for use onsite (e.g., for AD and biogas 
cleaning, and algae cultivation and harvesting). Excess power (if available) is exported as co-products 
while excess heat is discarded. Electricity from the grid and heat produced onsite from coal with an 
energy efficiency of 75% will be used if there are deficits of power and heat for the system. Residue 
from biogas production is sold to external parties to replace chemical fertilizers. The details for all 
stages will be demonstrated in Section 3.1. 
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2.5. Energy and GHG Intensity of Process Fuels and Nutrients 
Analysis by Li et al. [32] (Table 3) assessed the fossil energy intensity and GHG emissions 
intensity of process fuels in China. In the BJF pathway module, we use these data to convert the direct 
energy use into life-cycle energy use. The fossil energy intensity (EFLC, MJ/MJ) and GHG emissions 
intensity (GHGLC, g CO2,e/MJ) of a specific type of process fuel are defined as the sum of all the fossil 
energy use and GHG emissions, respectively, during the entire fuel life cycle for 1 MJ final fuel 
obtained and utilized. Table 3 shows the life-cycle fossil energy and GHG emission intensity for the 
nine types of secondary energies (SE). 
Table 3. Fossil energy and GHG emission intensity results of process fuel in China [32]. 
Item LCEF  
By sort 
LCGHG  
Upstream emission 
,LC CoalEF  ,LC NGEF ,LC PetrolEF 2,upCO  4,upCH 2 upN O
Units MJ/MJ g CO2,e/MJ g/MJ g/MJ mg/MJ 
Coal 1.172 1.061 0.001 0.110 104.5 5.733 0.425 0.172 
Natural gas 1.196 0.081 1.015 0.065 72.73 13.544 0.110 0.161 
Diesel 1.319 0.156 0.027 1.119 102.4 28.287 0.078 0.441 
Gasoline 1.331 0.164 0.049 1.130 98.86 30.506 0.086 0.472 
Electricity 2.924 2.572 0.021 0.330 289.6 273.308 1.010 3.917 
The data in Table 4 serve as multipliers for the corresponding process fuels used during each stage 
to obtain final life-cycle energy use and GHG emissions. The upstream emissions include those from 
all stages other than final use, i.e., from resource extraction and transport, to fuel conversion and 
transport. For example, the energy efficiencies of resource extraction and processing for coal (97% and 
96%, respectively) are higher than those for NG (96% and 94%, respectively) in China. Therefore, the 
upstream emissions of coal are high than those of NG. However, final life-cycle emissions of coal are 
higher than those of NG because of the higher carbon content of coal. Life-cycle fossil energy and 
GHG results for nutrients and chemicals in China are taken from [41] and listed in Table 4. 
Table 4. Life-cycle fossil energy and GHG results for nutrients and chemicals [41]. 
Item Unit N P K Steam (from coal) H2 (from coal) 
Lifecycle fossil Energy MJ/kg 55.17 7.98 8.90 1.56 1.78 
Of which, Coal MJ/kg 41.52 3.01 5.71 1.41 1.76 
Natural gas MJ/kg 7.83 4.25 1.14 0.00 0.00 
Petroleum MJ/kg 5.55 0.58 2.01 0.15 0.02 
Lifecycle GHG g CO2,e/kg 5148 587 811 139 163 
3. Results and Discussion 
3.1. Detailed Analysis of All Stages 
3.1.1. Algae Farming 
As Table 2 shows, in this hypothetical open pond farm, the algae growth rate was assumed to be  
25 g/m2/day, and the lipid content of the produced algae assumed to be 25% in the baseline case,  
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and the farm was assumed to operate 300 days a year. Consequently, 1 ha of pond area yields 75 t of 
algae biomass (75 = 25 × 300/100) annually.  
Algae growth and bio-flocculation account for almost all water movement in the system. Water 
movement occurs when the ponds are mixed to keep the algae in suspension, when culture is moved 
for settling, when the supernatant is recycled to the pond, and when water lost due to evaporation and 
soil leakage is replaced. 
An earlier study [41] reported that 2000 W of electric power is required to maintain 30 cm/s stirring 
movement for 1 ha of pond area. For the hypothetical farm in the present study, this translates into  
a power requirement of 24 kWh/ha/day if the circulation system is run 12 h per day on average. 
Therefore, ~96 kWh of electricity is consumed due to water circulation for 1 t of algae biomass 
production. This value is higher than the water circulation energy use of 76 kWh/t algae in Murphy and 
Allen [33]. 
When the algae concentration reaches 0.5 g/L, the culture will be pumped to the settling pond for  
bio-flocculation. Water recovery from bio-flocculation is assumed to be 100% except for the water that 
flows downstream with the algae at 10 g/L of concentration. In this study, water is returned to the culture 
pond from settling pond without loss and future work will consider these losses. Therefore, pumping of 
3900 tons of water to the settling pond and back to culture pond is required for 1 t of algae biomass 
production. A study [42] on detailed process design cost estimation using Computer Assisted Procedure 
for Design and Evaluation of Wastewater Treatment Systems (CAPDET) reported that 4.8 × 10−5 kWh of 
electricity is required for pumping 1 L of water at a head of 5 feet. Based on this value, ~195 kWh of 
electricity is consumed by water pumping for 1 t of algae biomass production at our farm.  
As Murphy and Allen [43] stated, in order to achieve mean daily production rates of  
25 g/m2/day, the algae has to be grown in a semi-continuous system. This requires significant volumes 
of water to be pumped through very small diameters in a short period of time, requiring significant 
amounts of energy. The final result is 1450 kWh/t algae in Murphy and Allen [33], which will be used 
for the alternative case in the sensitivity analysis. 
The water replenishment rate is about 0.6 cm per operating day considering the average pan 
evaporation rate is 0.3~0.4 cm/day in China [44] and water leakage from the pond to the surrounding 
soil is 0.11~0.36 cm/day as Murphy and Allen [33] discussed. Base on the water balance in Figure 3, 
about 344 t of water is made-up for 1 t of algae biomass production. The energy consumption for fresh 
water acquirement in China is ~0.19 kWh for surface water and 0.49 kWh for ground water [34], 
which are less than those in USA (0.42 and 1.00 respectively [33]). We use the averages of these 
values to calculate the energy consumption for fresh water acquirement. Therefore, ~112 kWh of 
electricity is consumed due to fresh water acquirement for 1 t of algae biomass production. In addition, 
in our analysis the fresh water intensity of algae production is 340 t/t in the baseline case, less than the 
level in USA (780 t/t by Murphy and Allen [33]). So the value in our study (112 kWh/t algae) is much 
lower than that for USA (326 kWh/t algae). 
In total, ~406 kWh of electricity is consumed due to water movement for 1 t of algae biomass 
production. As energy consumption during algae cultivation is primarily for mixing and pumping 
water, Murphy and Allen [33] suggested the energy needs for water management could be substantially 
higher than current LCA studies indicate. We will test the impact of different water consumption rates 
and the associated energy consumption rate in the alternative case. 
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Figure 3. Water balance during algae growth and harvesting (ton of water per dry-ton of 
algae production). 
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(1) Carbon input and Related Electricity Consumption 
The carbon content of the algae biomass was assumed to be approximately 50%. Therefore, the CO2 
demand ratio was 1.83. Further assuming a CO2 use efficiency of 0.85, the overall CO2 demand ratio 
was 2.16. As shown in Figure 4, recovered CO2 from the CHP system and offsite CO2 are 0.70  
(0.70 = 0.19 × 44/12) and 1.45 (1.45 = 0.40 × 44/12) ton of CO2 for 1 t of algae biomass production, 
respectively. As stated in section 2.4, in this study, the off-site CO2 demand was met by transporting 
flue gas with 20% CO2 vol % from a nearby power plant.  
Figure 4. Carbon flows of the algae pathway. 
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Calculation using GREET [25] showed that 11.6 kWh of electrical energy was required for 
transporting 1 t of CO2 (the overall efficiency of the compressors and motors was assumed to be 
approximately 50%). In addition, 21.2 kWh of electrical energy was required for injecting 1 t of CO2 
into the culture with a pressure drop of 1.5 meter water equivalent (corresponding to transfer sump 
depth, the combined efficiency of 0.67).  
To sum up, the electricity for carbon input is about 62.7 kWh for 1 t of algae biomass production. 
About three quads of them are used for CO2 injection and only one quad is used to transport offsite 
flue gas to the algae farm. 
According to Jaramillo et al. an additional l80~140 kWh of electricity per ton of compressed CO2 is 
consumed to fully capture the CO2 produced in the coal chemical plant. This method will be used to 
study sensitivities later. 
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(2) Nutrients Input 
In our farm, the nutrients were urea and DAP (diammonium phosphate) and about 5% of nitrogen to 
volatilization. As analyzed in Figure 5 in Section 3.3, it was determined that the production of 1 g of 
algae required 14 mg of N and 6.3 mg of P (both expressed in masses of the pure elements), with 
recovered nutrients (42.2 mg of N and 6.3 mg of P), to satisfy the gross nutrient demand per dry gram 
of algae (55.5 mg of N and 12.6 mg of P), after 0.7 mg of N loss in volatilization, which based on a 
C:N:P composition of 103:10:1 and nutrients are assumed to be consumed stoichiometrically.  
3.1.2. Algae Harvesting 
DAF is selected as the first step for algae harvest with 90% of algae is retained while the balance is 
sent to the anaerobic digester. The second centrifugation process has an efficiency of 95%, and the 
residual algae mass was sent for AD too. Therefore, 1.17 g of harvested algae mass was required to 
produce 1 g of dewatered algae mass after dewatering processes including DAF and centrifugation.  
For the production of 1 dry-gram of dewatered algae mass for oil extraction, there is 1.33 × 10−4 kWh  
and 1.0 × 10−3 kWh of electrical energy consumption for DAF process and centrifugation,  
respectively [42,45]. While Uduman et al.’s [46] estimate for this number was 10 times higher  
(8.0 × 10−3 kWh) and Mohn [45] also estimated for this number was eight times higher  
(1.67 × 10−3 kWh). The sensitivity analysis on this variation of centrifugal method will show us 
whether the algae fuel is energy positive or not. We can find the harvest energy is about 1155 kWh of 
electricity for 1 t of algae biomass harvested. 
In early foundational works like Benemann and Oswald [47], the algae was dried before centrifuge 
stage and favored a hot oil extraction to extract oil directly. However, this kind of expensive energy 
and cost investment is not selected and the algae biomass is not dried prior to the hexane solvent 
extraction in our study as discussed in Section 2.4.  
3.1.3. Oil Extraction 
Oil is extracted from the dewatered algae mass (20% solid content) by a high-pressure 
homogenization process, which was assumed to use 0.2 kWh of electrical energy for processing 1 kg 
of dry mass [48]. The disruption efficiency was assumed to be 90%, and the un-homogenized algae 
mass entered the LEA for AD. The following process of hexane extraction is assumed to give a lipid 
extraction efficiency of 95% and require the following resources (for producing 1 kg of lipid): 6.12 MJ 
of heat, 0.54 kWh of electrical energy, and 5.2 g of n-hexane. So the electricity and heat demand are 
about 774 kWh and 6120 MJ for 1 t of algae oil produced. There is a concern that phospholipids and 
other non-TAGs can account for sizable portions of the lipid fraction. To get the desired neutral lipids, 
lipid fractionation processes such as acid addition, water wash and degumming are required to 
minimize the phosphors and water content [49]. Although the energy use during this lipid fractionation 
stage is negligible (less than 1% that of algae harvest stage), the oil loss of about 2.77% needs to be 
considered. The thermal demand during this stage is met with the CHP heat recovery as discussed later. 
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3.1.4. AD, Biogas Cleaning and CHP 
We assume the LEA undergoes AD to produce energy and recycle nutrients to algae culture. Energy 
generation form AD contributes to reducing energy input and hence GHG emissions. Mass balance 
analyses indicated that during lipid extraction, the production of 1 t of algae oil was accompanied by 
the generation of 4.47 t of mixture of LEA and algae loss from harvest, which was subsequently used 
as a raw material for AD. 
It was assumed that, the AD raw material consisted of primarily (90%) suspended matter. According 
to a previous study on AD [50], 1 g of suspended matter produces 0.33 liters of methane, and 1 t of 
solid input yields 2.97 × 105 m3 of methane. Assuming the biogas produced at our farm consisted of 
67% methane and 33% CO2, the conversion relationship became: 1 t of solid input producing 287 kg 
of biogas. Considering the reality of the AD process and the following biogas cleaning, approximately 
2% of CH4 was assumed to be lost via leakage. For 1 kg of solid input, the AD process requires 
2.448 MJ of heat or 0.136 kWh of electrical energy. Additionally, for the production of 1 m3 of biogas, 
another 0.25 kWh of electrical energy is required for product purification-upgrading [51]. 
The generated and cleaned biogas was used by CHP to produce heat and electrical energy. 
Assuming an overall energy efficiency of 76% and electrical energy generation efficiency of 33%, with 
the methane produced from 1 ton of solid is inputted (10,439 MJ) into the CHP process, this system 
should produce 956 kWh of electrical energy and 4486 MJ of heat. 
Overall, besides the supplying electricity and heat for AD and biogas cleaning, the production of 1 t 
of algae lipid is accompanied by the generation of 3336 kWh of electrical energy and 9113 MJ of heat. 
These heat and power is available for use onsite (e.g., algae cultivation, harvest and lipid extraction). 
3.2. Carbon Balance 
Figure 4 shows the carbon flows at each stage of the algal BJF pathway. About 2.16 tons of CO2 is 
transferred into the pond with ~15% of outgas. After the DAF, centrifuge and lipid extraction stages, 
only 16% of carbon in the algae is re-carbonated into the oil. The remaining 84% is allocated to the 
AD process “products”: biogas (CH4 and CO2) cleaned for the CHP, leaked CH4, sludge and 
supernatants. The last two “products” are assumed to have equal amount of the rest of carbon other 
than in biogas and leaked CH4. It was further assumed that 8% of carbon in the sludge was 
sequestrated into the soil while the other 92% gradually released as CO2 over a long period. About 
38% of carbon in the algae biomass will be in the recyclable CO2 contained in the flue gas of the onsite 
CHP system, and they are equal to about half of the external CO2 supplied. It was found that only ~23% 
of carbon in the external flue gas supplied can be re-carbonated into the oil (~20%) and sequestrated into 
the soil (~3%). 
3.3. Nutrients Balance 
Based on a C:N:P composition of 103:10:1, nutrients are assumed to be consumed stoichiometrically. 
It is also assumed the volatilization rate of nitrogen fertilizers is ~5%. As Figure 5 shows, 14 mg of N 
and 6.3 mg of P with recovered nutrients (42.2 mg of N and 6.3 mg of P) is required to satisfy the 
gross nutrient demand per dry gram of algae (56.2 mg of N and 12.6 mg of P), with 0.7 mg of N lost in 
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volatilization. There are 55.5 mg of N and 12.6 mg of P (for 1 g of algae produced) entering AD to 
form sludge and liquid.  
80% of N was recovered through supernatant recycling but 5% of the recovered N was lost via 
leakage. It was assumed that 50% of the P in the liquid phase was recovered with the other 50% left in 
the sludge. Therefore, the sludge contains 11.1 mg of N and 6.3 mg of P, and the liquid contained 
44.4 mg of N and 6.3 mg of P (for 1 g of algae produced). Nutrients in the liquid were subsequently 
recycled with N partially recycled and P totally recycled. Overall, the recovery rates of N and P are 
75% and 50%, respectively. 
Figure 5. N and P flows of the algae pathway. 
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3.4. Non-CO2 GHG Emissions 
There are two potential sources for CH4 emissions in the algae pathway, the AD process and  
biogas clean-up. Based on a literature review [52], we assume a total fugitive CH4 loss of 2% for  
this pathway. 
The N2O emission from the N-containing sludge was ignored because chemical fertilizers replaced 
by the biogas residue are associated with the same issue.  
3.5. Direct Energy Demand 
The direct heat and power demand for the baseline case is shown in Table 5. 
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Table 5. Direct energy and CO2 demand for process on site in basic case. 
Item Unit Direct energy demand CO2 demand 
Process Process input Thermal (MJ) Electrical (kWh) Thermal (MJ) Electrical (kWh) per kg algae per kg of algae lipid 
Growth – per kg algae per kg algae per kg of algae lipid per kg of algae lipid 2.16 11.80 
water circulation 2.00 kW per ha – 0.096 – 0.53 – – 
water pumping 3.90 t per kg algae – 0.195 – 1.07 – – 
water replenishment 0.60 cm per day – 0.116 – 0.63 – – 
Off-site CO2 transport to onsite – – – 0.017 – 0.09 1.45 7.95 
Off-site CO2 transfer into pond – – – 0.031 – 0.17 1.45 7.95 
Recovered CO2 transfer into pond – – – 0.015 – 0.08 0.70 3.85 
Harvest 1.17 kg algae/kg dewatered algae – 
per kg dewatered algae 
– 
per kg of algae lipid 
– – 
1.16 5.41 
Lipid extraction 4.68 
kg dewatered  
algae/kg lipids 
per kg lipids per kg lipids per kg of algae lipid per kg of algae lipid 
– – 
6.12 0.77 6.12 0.77 
Anaerobic digester 4.47 kg feed/kg lipids 
per kg feed per kg feed per kg of algae lipid per kg of algae lipid 
– – 
2.45 0.14 10.95 0.61 
Biogas cleanup 0.297 cubic meter/kg feed – 
per cubic meter 
– 
per kg of algae lipid 
– – 
0.25 0.33 
Total direct demand on site – – – – 17.07 9.69 – – 
Recovered on site (CHP) 
76% CHP efficiency per MJ CH4 per MJ CH4 per kg of algae lipid per kg of algae lipid 
– – 
35.8 MJ/cubic meter 0.43 0.09 20.45 4.36 
Imported externally – – – – −3.38 5.33 – – 
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Some relationships between them are listed as follows: 
(1) Algae Dewatering and Oil Extraction 
The biomass recovery efficiencies of the first and second dewatering processes were 90% and 95% 
(the remnant of the dewatering processes processed by AD). Correspondingly, the conversion from 
harvested algae to dewatered algae was 1 t of algae harvested yielding 0.86 t of dewatered algae  
(0.86 = 0.9 × 0.95), with the conversion rate being 1.17 kg algae/kg dewatered algae. 
The lipid content of harvested algae was assumed to be 25% in baseline case. The lipid destruction 
and oil recovery efficiencies during the first and second lipid extraction processes were assumed to be 
90% and 95%, respectively. Therefore, the conversion from harvested algae to algae lipid was 1 t of 
algae biomass yielding 0.21 t of algae lipid (0.21 = 0.25 × 0.9 × 0.95), with the conversion rate being 
4.68 kg algae biomass/kg lipids. It is noted that a further 2.77% of oil will be lost during the final 
degumming stage for lipid fractionation and this loss will be accounted for in the jet fuel production 
process for the convenience of calculation method in this study. 
(2) Mass Relationship between the AD Raw Material and Algae Oil Product 
Mass balance calculations indicated that the mass of lipid-extracted algae (LEA) entering the AD 
process was (theoretically) 4.47 times the mass of the algae lipid (4.47 = 5.47 − 1). In practice, this is 
only 3.68 times the algae lipid mass. Moreover, some of the algae mass resulting from dewatering 
processes also entered AD. Combining these, the mass entering AD was 4.47 times the algae lipid mass. 
(3) External CO2 Input 
The total demand for CO2 was 2.16 kg CO2/kg algae, or 11.80 kg CO2/kg algae lipid. However,  
a considerable fraction of CO2 could be recovered (3.85 kg CO2/kg algae lipid) from the AD and CHP 
processes. Consequently, 8.81 kg of external CO2 was required for 1 kg of algae lipid produced. 
3.6. Jet Fuel Production 
There are various technologies to produce aviation biofuel currently and two of them have been 
included in the ASTM D7566 standard: the hydrotreating process and the Fischer-Tropsch (FT) 
synthesis process [36]. In this study, the extracted algae oil is assumed to be processed into jet fuel 
using the UOP Renewable Jet Process technique. This kind of hydro-treated renewable jet fuel has 
similar compositions and combustion properties to petrochemical synthetic paraffinic kerosene (SPK). 
In July 2011, the ASTM gave final approval for blending of SPK from Hydro-processed Esters and 
Fatty Acids (HEFA) up to 50 vol% in aviation fuels, thus facilitating a commercial pathway to 
sustainable aviation fuels.  
The overall energy efficiency of converting algae oil to jet fuel is ~85% according to [36], which is 
consistent with the data provided in a 2010 report [32] and is therefore used in this study. Beside the 
algae oil (0.90 MJ) as the main input, 0.15 MJ of NG, 0.12 MJ of H2, and 0.004 MJ of electricity are 
also required to produce 1 MJ of fuel product. The main fuel product is jet fuel (about 50% of total 
output), with a small amount of naphtha and biodiesel co-produced. In this study, the method used in 
dealing with these co-products is energy allocation. 
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3.7. Co-Products, Oil and Fuel Transportation 
Transportation of co-products, algae oil, and final jet fuel is summarized in Table 6. AD digestate 
solids (assuming 30 wt % solids in water) are transported by medium heavy-duty truck over a distance 
of 100 km for field application. Algae oil is transported by rail over a distance of 1000 km to reach a 
refinery facility. The transportation modes and distributions for final BJF exactly match those used for 
CJF pathway. 
Table 6. Co-products, oil and fuel transportation information [53]. 
Product/Intermediate Mode 
Energy Intensity (MJ/t km, 
backhaul of the vehicle 
includes when appropriate) 
Fuel mix 
(%) 
Distance 
(km) 
Digestate solids 
transported to fields 
Medium  
heavy-duty truck 
1.36 
Diesel 
(100%) 
100 
Algae oil transported 
to fuel production 
Railway 0.07 
Residue oil 
(100%) 
500 
Fuel transported  
to terminal 
Railway 0.07 
Residue oil 
(100%) 
1000 
Fuel distributed  
to airport 
Heavy  
heavy-duty truck 
0.68 
Diesel 
(100%) 
50 
3.8. Energy and GHG Emissions Results 
3.8.1. Energy Returns on Investment for Algae Oil 
As Figure 6 shows, the EROI of algae oil is ~2.0 when only direct energy is accounted for. This  
is towards the pessimistic end of the range of 0.13 to 7.0 from the literature review in the NRC  
report [29].  
Figure 6. Energy flows from algae cultivation to oil production with recycle process. 
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However, the EROI is only ~0.80 when the upstream energy is also accounted for. This figure is 
less than 1, meaning that the energy needed to produce the algae oil is greater than the energy 
contained in the algae oil and co-products. 
3.8.2. Life-Cycle Results for Algae Oil-Based Jet Fuel 
Our analyses showed that this hypothetical BJF pathway can increase total fossil energy use  
and GHG emission by 39% and 70%, respectively, while reducing petroleum consumption by 84%, 
compared with the CJF pathway (see Table 7). 
Table 7. Life-cycle fossil energy use and GHG emissions for BJF and CJF. 
Item Unit per MJ BJF per MJ CJF Ratio of BJF to CJF 
Life-cycle fossil Energy MJ/MJ 1.76  1.26  1.39  
Of which, Coal MJ/MJ 1.48  0.07  20.07  
Natural gas MJ/MJ 0.10  0.06  1.73  
Petroleum MJ/MJ 0.18  1.13  0.16  
Life-cycle GHG gCO2,e/MJ 159  93  1.70  
Quantitative analyses in Figure 7 also show that the algae dewatering stage has the largest contribution 
(31.7%) to total fossil energy use, due to the large amount of onsite heat and power demand.  
Figure 7. Distribution of fossil energy use during various stages of the algae jet fuel 
pathway in China (with both the CHP energy output credit and AD sludge fertilizer  
credit considered). 
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Jet fuel production stage takes the second position (21.0%), due to heat and power demand and 
chemical use. The third largest contribution (17.9%) is from the algae growth stage, which mainly 
involved fertilizer manufacturing, CO2 transport and injection, water pumping, circulation and 
freshwater making-up, and grid electricity consumption. The oil extraction stage also consumes about 
10.1% of total fossil energy use in this pathway. Transport of both the oil and fuel has a very small 
contribution (0.1%–0.2%) to the total fossil energy use. To achieve the CHP energy output credit and 
AD sludge fertilizer credit (about 60% and 3% of total fossil energy use in this pathway, respectively), 
penalties of fossil energy use in AD, biogas cleaning and AD residue transport are also significant 
(12.7%, 1.9 and 4.5% of total fossil energy use, respectively). 
As shown in Figure 8, even with the GHG credits resulted from the CHP heat and electricity 
generation and the fertilizer production from AD sludge, the life-cycle GHG emissions remained high. 
This is due to the massive emissions from the algae growth and harvesting, oil extraction and jet fuel 
conversion stages as well as energy consumption and CH4 leakage during AD stage. About half of the 
life-cycle emissions (95.3 g CO2,e per MJ) is from the algae harvesting stage. Algae cultivation, oil 
extraction and jet fuel conversion stages are the other large contributing stages: 54.2, 31.2 and 35.1 g 
CO2,e per MJ, respectively. Both the oil and the fuel transport stages have very small emissions, which 
are 0.2 and 0.3 g CO2,e per MJ, respectively. 
Figure 8. Life-cycle GHG emissions for all stages in the algae jet fuel pathway in China 
(the CO2 emission from fuel combustion is offset by the intake for algae cultivation). 
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When looking into the algae growth stage, water movement related activities (water pumping, 
circulation and freshwater making-up) contribute half of the emissions, ~39 g CO2,e per MJ, followed 
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by fertilizer manufacturing related emissions of 8.9 g CO2,e per MJ. CO2 transport and injection related 
emissions are only about 6 g CO2,e per MJ. 
The GHG emissions of algae BJF are ~216.3 g CO2,e per MJ when the credits and the penalties of 
CHP and AD sludge are not considered. The energy generated by the CHP system onsite results in a 
credit of ~118.3 g CO2,e per MJ when this system supply all of the heat and some of electricity demand 
for algae cultivation and oil extraction.  
The displaced fertilizer credit (5.1 g CO2,e per MJ) originates from the AD sludge serving as 
nitrogen fertilizer to avoid chemical fertilizer production. There is also a credit (3.4 g CO2,e per MJ) 
from sequestration of carbon in the digestate solids. 
The AD stage requires heat and power to produce biogas for use in the CHP after clean-up. The 
emissions are 39.1 and 5.9 g CO2,e per MJ for the AD stage and biogas clean-up process, respectively. 
The emissions from transporting the wet digestate solids contributed 12.2 g CO2,e per MJ. The fugitive 
CH4 emissions contribute 6.2 g CO2,e per MJ, due to subsequent handling of the digestate and biogas 
clean-up for the CHP. In this study, the direct N2O emissions due to AD sludge as fertilizer are not 
considered as the replaced chemical nitrogen fertilizers are expected to have the same emissions. 
3.9. Sensitivity Analysis 
A sensitivity analysis is performed to examine the effects of some key parameters on the life-cycle 
results. The details of the low-emission, high-emission and alternative cases are shown in Table 8. 
Table 8. Details of the low-emission, high-emission and alternative cases in this study. 
Parameter Unit 
Cases 
Baseline case Low case High case 
Lipid content wt% 25 50 1.25 
Fresh water energy use – China current situation Not counted in 
Similar to US  
situation in [34] 
CO2 acquire energy use – Flue gas (20 vol%) Not counted in 
As pure CO2:  
140 kWh/t [54] 
Algae productivity g/m2/day 2.5 5 1.25 
Energy use for algae harvest kWh per kg algae About 1.2 
About half  
that in base case 
About 10 time that  
in base case 
Energy use for lipid extraction per kg lipid 
6 MJ of heat and  
0.5 kWh of electricity 
2 MJ of heat and  
0.1 kWh of electricity 
12 MJ of heat and  
1.0 kWh of electricity 
CH4 yield L/g-TS 0.3 0.4 0.2 
CHP electrical efficiency % 33 38 28 
Fraction of N recovered to 
culture 
% 75 65 85 
– – Baseline case Alternative case 
Water pumping to/from pond kWh per kg algae 
195  
(calculated by authors) 
1450(situation in [34]) 
Recovered energy by CHP – Yes No 
Embodied energy in pond 
construction materials 
– No 
Yes. Energy embodied in materials is about 
30% that of biomass produced [34]. 
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As Figure 9 shows, energy use for algae harvesting, energy use for water pumping and the lipid 
content are the three parameters with the highest impacts on life-cycle results. 
Figure 9. Sensitivity Analysis for algae baseline case: (a) Life cycle fossil energy use and 
(b) Lifecycle GHG emissions. 
(a) 
(b) 
3.10. Better Scenario Discussion 
The baseline scenario is modified with some key changes to improve the BJF pathway significantly, 
in order to achieve better energy and GHG performance of substituting CJF on a large scale.  
A set of changes are assumed in a better scenario: 
• It is obvious that the overall GHG emissions of this pathway can be greatly improved if the 
electricity and heat generation can be sourced from low-carbon fuels. Some potential 
improvements in the life cycle of algae-based fuel pathway are also assumed to be achieved in 
this future case. For example, more renewable electricity and cleaner power will be available in 
the future to change the coal-dominant power system in China currently; 
• Because energy consumption during algae harvesting has a significant impact on the final result, 
it is also assumed that great efforts will be made to decrease the energy-intensity of algae 
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harvesting to half that of the current level. This parameter in the future case will be reduced to 
only 10% of the assumed value in the baseline scenario; 
• In addition, biogas yield from the LEA flow into the digester can be increased and thereby 
improve the LCA results further. This parameter in the future case will be increased by 33% 
from the assumed level in the baseline scenario; 
• Based on the fact that the contributions of the stirring, pumping, water replenishment, algae 
dewatering, and even algae oil extraction to the overall GHG emissions (per unit jet fuel 
product) depend on the lipid content of the algae. The lipid content is assumed be increased 
from 25% to 50%, to substantially reduce emissions for this pathway. 
The final results of this scenario suggest ~50% and 60% reductions in GHG emissions and  
fossil energy use, respectively; will be achieved as shown Figure 10. The two largest contributors  
to the reduction are the low-carbon electricity system and lower energy use for algae harvesting,  
both accounting for ~40% of the reduction. The other two parameters each contributed 10% of  
the reduction. 
Figure 10. Life cycle analysis results for BJF in better case: (a) Life-cycle fossil energy 
use and (b) Life-cycle GHG emissions. 
(a) (b) 
3.11. Comparative Study 
Table 9 compares our LCA results with those from other studies. It can be seen that this study  
has relatively pessimistic results. For example, the ratio of life-cycle GHG emissions for BJF to  
CJF is 1.66 in the baseline case, worse than the mean value (1.44) from a literature review by  
Hantler et al. [55].  
The following reasons explain the differences between this and other studies: (1) China’s  
coal-dominant energy mix; (2) onsite monitoring of China’s nitrogen fertilizer issues including 
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feedstock source, transportation modes, and process energy consumption; and (3) comprehension of 
the CO2 and CH4 emissions associated with China’s coal mining, crude oil and NG exploration stages. 
The comparison of our study to the recent work of Vasudevan et al. [41] suggests that algae 
biofuels can yield GHG reductions relative to fossil fuels with the use of appropriate technology 
options and potential exists even for large reductions (>50%) in GHG. 
Table 9. Comparisons of results from different LCA studies on open-pond based algal  
BJF pathways.  
Source 
Location of 
the study 
EROI 
(direct) for 
algae oil 
EROI  
(Life-cycle) 
for algae oil 
The ratio of lifecycle  
fossil energy use for 
algae-based jet fuel  
to CJF 
The ratio of lifecycle 
GHG emissions for 
algae-based jet fuel to 
CJF 
This study China 
base case: 
2.0 
base case: 
0.82 
base case: 1.36 with  
a range from 1.01 to 7.68;  
Better case: 0.39 
Base case: 1.66 with a 
range from 1.23 to 
9.67; 
Better case: 0.50 
Lardon et al. 
2009 [24] 
Mediterranean – – 
1.0 (biodiesel to  
Petroleum diesel) 
1.1 (biodiesel to  
Petroleum diesel) 
Clarens et al. 
2010[25] 
Virginia, Iowa, 
California in 
USA 
– – 
1.1 (biodiesel to  
Petroleum diesel) 
0.61 (biodiesel to  
Petroleum diesel) 
Jorquera et al. 
2010 [56] 
Unspecified 
location 
– – 
2.8 (biodiesel to  
Petroleum diesel) 
– 
Sander and 
Murthy,  
2010 [57] 
U.S. 
nationwide 
data, 
Unspecified 
location 
– – 
0.2 (biodiesel to  
Petroleum diesel) 
0.50 (biodiesel to  
Petroleum diesel) 
Stephenson et al. 
2010 [58] 
United 
Kingdom 
– – 
0.3 (biodiesel to  
Petroleum diesel) 
0.64 (biodiesel to  
Petroleum diesel) 
Campbell et al. 
2011 [26] 
Coastal 
Australia 
– – 
1.05 (biodiesel to 
Petroleum diesel) 
0.56 (biodiesel to  
Petroleum diesel) 
Liu et al.  
2011 [59] 
– – 
1.6~4.0 
(biodiesel) 
– – 
ANL [28] USA – – 
0.45 (biodiesel to low  
sulfur diesel) 
0.55 (biodiesel to  
low sulfur diesel) 
Handler et al. 
2012 [55] 
Unspecified 
location 
– 0.1~2.3 – 
Three cases: 0.61,1.44, 
5.38 
Stratton et al. 
2010 [32] 
– – – – 
0.6 with a range  
from 0.2 to 2.3 
Vasudevan et al. 
(2012) [41] 
– – – 
(biodiesel to Petroleum diesel) 
wet extraction: about 0.5; 
Dry extraction: about 3.00. 
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4. Concluding Remarks 
Our life-cycle study suggests that compared with the traditional petrochemical pathway, the algae 
jet fuel pathway will increase overall fossil energy use and GHG emission by 39% and 70%, 
respectively, while decreasing petroleum consumption by 84%. Energy conservation and emission 
reduction might be achieved for this new pathway by two approaches: wider adoption of low-carbon 
process fuels and optimization of algae cultivation and harvesting, and lipid extraction processes. 
Several barriers to the commercialization of this new biofuel pathway include algae strain selection 
and engineering system: 
• Algae strain selection is one of the key bottlenecks for high lipid content algae cultivation in an 
open and wide system. Moreover, some strains should be selected to maximize the final algae 
lipid productivity based on the trade-off between algae biomass productivity and lipid content; 
• Innovative design and technology integration should be introduced into this new pathway to 
decrease energy use and costs as some traditional processes (e.g., centrifugation and drying) are 
very energy-intensive. 
For illustration purposes the size of the algae farm in this study is set at 100 ha. A much larger land 
area is required in practical operations. For example, about 100 farms with a size of 100 ha are needed 
to supply 50% of the energy use for a regular airport in China. 
Resource requirements are very significant if this pathway is developed on a large scale. If 50% of 
total jet fuel consumption in 2012 is to be supplied by this pathway, 1.5% of total croplands and 10% 
of total water withdraw for crops in China will be needed. As for nutrients, the demand for N and P 
will be 1.2 and 0.5 million tons, respectively. This will also have a notable impact (2%–3%) on the 
Chinese fertilizer market. Given the long-term phosphorous scarcity with global food security 
implications [60,61], limitations of phosphorous supply for algae farming cannot be overlooked even 
though China has a substantial advantage over many other countries due to its phosphorous resources. 
Whether the water make-up by freshwater can be replaced by saline, brackish or waste water that 
contain abundant nutrients for algae growth, is another important area for research. In addition, CO2 
source availability should be assessed in details with regard to transportation mode and distance, even 
though the CO2-rich flue gas of power plants and chemical factories is abundant.  
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